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The development of the Apollo lunar module provided a unique opportu- 
nity to compare payload vibration during launch and during acoustic- 
ground-test simulations of launch-pad booster noise. In the course of 
structural development of the lunar module, vibration measurements 
were made at  identical locations on both the ground-test lunar module 
(lunar module test article number 3)_and the first  two flight vehicles, 
lunar module 1 launched in the Apollo 5 mission and lunar module 3 
launched in the Apollo 9 mission. Sound-level measurements were 
also recorded both in the ground tests and during launch of lunar mod- 
ule mockups on Saturn V boosters 501 and 502. Evaluation of these 
launch and ground-test vibration data yields comparisons which a r e  
particularly useful because the vehicles were highly similar and be - 
cause sufficient data were available to be statistically meaningful. A 
rigorous examination of laboratory/flight comparisons, which was 
thereby made possible and is-discussed in detail in this paper, shows 
the promise (and compromise) in ground-test simulation of flight 
responses, 

INTRODYJCTION 

The engineering development of the Apollo 
lunar module (LM) involved a wide spectrum 
of analyses and tests to assure that the LM 
structure could perform the necessary func- 
tions through all phases of the mission. In 
particular, because structural adequacy is 
required for the high-frequency environmental 
excitations (over 25 Hz), an acoustic test pro- 
gram in which flight environments were simu- 
lated as closely as' possible was conducted 
before the fhst .LM flight to demonstrate a 
sufficient structural margin. Subsequently, 
two LM vehicles (one unmanned and one 
manned) were flown to prove the functional 
adequacy of the structure and of all other ve- 
hicle systems. These flights provided vibra- 
tion data that could be directly compared with 
the ground-test data. The similarity of the 
data from the ground and flight tests would in- 
dicate the extent of flight simulation obtained 
in the ground test. In the LM program, how- 
ever, the flight vibration da+A were not very 
similar to the ground-test vibration data. The 
data dissimilarities are attributed to structural 

complexity and instrumentation differences and 
preclude detailed as~c?ss;;lsat or 
ground test simulation. 
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The purposes of this paper a re  to describe 
and evaluate the LM vibrations measured in 
both the ground and the flight tests relevant to 
an assessment of acoustic testing effectiveness 
and to make recommendations for future test- 
ing programs. 

LUNAR MODULE VEHICLE 
AND ENVLRONMENT 

An understanding of the LM vehicle and 
its flight environment will readily lead to a 
discussion of the vibration environment. The 
LM vehicle (Figs. 1 and 2) consists of a de- 
scent s h g e  and a separate ascent stage inter- 
connected at four points. The basic descent- 
stage structure (Fig. 3) is a 65-in. -deep 
cruciform consisting of a central engine com- 
partment and four propellant-tank compart- 
ments. Each of the four landing-gear legs is 
mounted on an outrigger assembly which also 
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Figure 1. - Lunar landing configuration of 
Apollo lunar module 
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serves as a support when the vehicle is inside 
the service module LM adapter (SLA). Auxil- 
iary equipment, such as the helium and oxygen 
tanks and the Apollo lunar-surface exploration 
package, is mounted in the four quadrants of 
the descent-stage cruciform. The ascent 
stage (Fig. 4) consists of two cylindrical sec- 
tions capped by forward and aft machined 
bulkheads; a major inte.rmediate bulkhead sep- 
arates the crew area from the aft cabin. The 
primary load- carrying structural elements of 
both stages a r e  thin-webbed (typically less  
than 0.020 inch thick) shear panels with inte- 
gral stiffeners along all four edges. Under 
load, visible buckle patterns occur in these 
shear panels. Since the buckle patterns vary 
considerably with load (static, dynamic, or  
combined) and dimensional variations from 
vehicle to vehicle, tine influence of these buckle 
patterns on LM structural dynamics is also 
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Figure 2. - Lunar module weights and dimensions 
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Figure 4. - Lunar module ascent-stage structure 
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highly variable from vehicle to vehicle. The 
ascent engine is mounted from the midsection 
floor. Two spherical propellant tanks a r e  
supported from the bulkheads, primarily by 
struts. Much of the electronic equipment is 
located in the aft equipment bay and is mounted 
on a vertical rack supported by struts that ex- 
tend from the r ea r  bulkhead. 

During the initial phase of an Apollo mis- 
sion, the LM is located in the SLA (Fig. 5). 
The SLA is a 28-ft-long truncated cone that 
fairs the command module and the service 
module parts of the space vehicle into the 
Saturn-IVB (S-IVB) stage. The S-IVB stage 
can be either the second stage of a Saturn-IB 
(S-IB) or a Saturn-V (S-V) booster depending 
on the mission objectives. The LM is exposed 
to both low-frequency mechanical vibration 
and high-frequency acoustic excitation at  lift- 
off and during atmospheric flight. Mechani- 
cally induced vibration transmitted from the 
SLA panels through the support trusses is 
limited to low-frequency vibrations. For vi- 
bration transmissibility above 12 Hz, the LM 
vehicle is effectively decoupled from the SLA 
and experiences only high-frequency acoustic 
excitation. The induced high-frequency vibra- 
tion of the LM is closely related to the inter- 
nal acoustic environment of the SLA. The 
associated noise levels follow the typical 
rocket booster flight profile (Fig. 6) of de- 
creasing rapidly after liftoff aiid then ii-icreas- 
ing to a peak near Mach 1. The external noise 
levels induce vibration of the SLA panels, 
generating a quasi-reverberant acoustic field 
inside the SLA. The internal SLA noise is 

considered to be the most significant source 
of LM excitation and follows the profile shown 
in Fig. 6. 

A LM vehicle built specifically for struc- 
tural ground testing and designated LM Test 
Article number 3 (LTA-3) was used for the 
acoustic ground test. The LTA-3 was a com- 
plete structural demonstrator with an una- 
bridged complement of prototype or  mass- 
representative equipment and subsystems. 
All fluid tanks were ballasted to the control 
weight with either water or Freon 113 to ob- 
tain the correct mass loads (Fig. 2) in the 
structure, A more detailed description of 
LTA-3 is contained in Refs. [ 11 and [ 21. The 
primary structural elements of LTA-3 and of 
all other LM test articles are shown in 
Figs. 3 and 4. 

INSTRUMENTATION AND MEASUREMENT 

A discussion of the instrumentation and 
relevant measurements and a description of 
the test programs will provide the information 
necessary for evaluation of the LM vibration 
data. 

Vibration Measurements 

The LM vehicles launched in the flight- 
test program were the unmanned LM- 1 (Apol- 
lo 4 mission, S-IB booster number 204) and 
the manned LM-3 (Apollo 9 mission, S-V 
booster number 503). The launch configura- 
tions for both flights a r e  shown in Fig. 5. 
The LM-1 and LM-3 vehicles each had 26 
vibration-measurement sensors mounted at  
identical selected locations. Of these sensors, 
the 16 that produced pertinent vibration data 
were five triaxial installations and one X-axis- 
oriented sensor. The relative locations of the 
sensors and the measurement numbers a r e  
given in Fig. 7. The high degree of similarity 
between the instrumentation installations on 
LTA-3, LM-1, and LM-3 can be seen in 
Figs. 8, 9, and 10 which show the details of 
the installations on each vehicle for three typi- 
cal locations. The sin-ilarity of the other lo- 
cations was equally good but the photographic 
documentation was not as clear. 

LM-1 VEHICLE 

Figure 5. - Apollo/Saturn space vehicles 
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Figure 7. - Lunar module instrumentation locations 
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L M-3 

Figure 8. - Accelerometer installation on navigation base (see Fig. 7,. location no. 1) 

LTA-3 LM-1 LM-3 
. -  

Figure 9. - Accelerometer installation on aft equipment rack (see Fig. 7, location no. 3) 

LTA-3 LM- 1 LM-3 

Figure 10. - Accelerometer installation on descent-stage oxidizer tank 
(see Fig. 7, location no. 5) 

The LTA-3 measurements were made at 
locations identical to those of the aforemen- 
tioned flight measurements. Although data on 
all three vehicles were obtained with piezo- 
electric accelerometers and associated charge 
amplifiers, different recording systems were 
used. The LTA-3 data were recorded on 
Constant-bandwidth frequency- modulation (FM) 
and FM-multiplex tape recorders which met 

high laboratory performance standards. The 
flight data were telemetered from the vehicle 
to a ground station through a complex radio- 
frequency link and then recorded. Because of 
the complexity of the flight data system (i. e. ,  
narrower bandwidths and dynamic ranges), 
fewer data were obtained for LM-1 and LM-3 
than for LTA-3. Data-acquisition information 
on these measurements is given in Table 1. 
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TABLE 1 
Data Acquisition Information 

No. - - 
1 

2 

3 

4 

5 

6 

- 

Location 

Description 
- 

Navigation base 

Tunnel equipment 
area 

Aft equipment 
rack 

Ascent-stage 
oxidizer tank 

Descent- stage 
oxidizer tank 
(-Z-axis) 

Landing radar 
antenna 

Measurement 
No. 

a6001 (Z) 
6002 (Y) 
6003 Cy) 

3661 (X) 

3662 (Y) 
3663 (Z) 

3601 (X) 
3602 (Y) 
3603 (Z) 

1571 4) 
1572 (Y) 
1573 (Z) 

2681 (X) 
2682 (Y) 
2683 (Z) 

7559 (X) 

LTA- 3 

+ 24 
c 24 
3- 24 

c 30 

+ 8  
-1-8 

3- 3.16 
c 10 
+ 10 

c 10 
1 1 0  
+ 10 

3- 10 
3- 10 
3- 10 

c 24 

LM-1 and LM-3 

+ 2  
e 2  
e 2  

+ 30 
c 30 
c 30 

c 20 
3- 20 
3- 20 

+ 10 
.I 10 
c 10 

+ 10 
+ 10 
f 10 

+ 10 

Jseful Data Bandwidth (Hz: 

LTA- 3 

2500 
2500 
2500 

2500 
2500 
2500 

2500 
2500 
2500 

2500 
2500 
2500 

2500 
2500 
2500 

2500 

LM- 1 

2000 
2000 
2000 

2000 
2000 
2000 

1000 
1000 
1000 

b175 
125 
125 

b125 
125 
125 

125 

LM- 3 

2000 
2000 
2000 

b2000 
b2000 
b2000 

600 
600 
600 

b160 
110 
110 

bl10 
110 
110 

110 

"Because of confusion in nomenclature between the structure and the guidance and navigation 

bThese measurements were telemetered continuously; all other measurements were arranged 
subsystem, the numbering order of the 6000-series triax was inadvertently reversed. 

in groups of three on a slow-speed commutator that commutated the measurements sequentially to 
the telemetry system with a switch rate of 1.25 sec. Hence, the measurements were recorded for 
1.25 sec then blanked for 2.5 sec, then recorded and so on. The switching time of the commuktor 
was 50 msec. 

1, 

The raw data for all measurements were 
random in nature and, therefore, power spec- 
tral density (PSI)) processing was performed 
on these measurements. The processing pa- 
rameters were selected to obtain the minimum 
statistical e r ro r  commensurate with data sta- 
tionarity and commutator operation. However, 
the only significant responses which LM-1 and 
LM-3 exhibited during the first stage of pow- 
ered flight occurred at liftoff, and, therefore, 
only these data a re  comparable to the ground- 
test data on the LTA-3 responses. The perti- 
nent data-reduction information is presented in 
Table 2. 

Sound Measurements 

Two sound measurements inside the SLA 
were recorded during each of the first two 
flights of the S-V booster. During the LTA-3 
acoustic testing, the initial objective was to 
have sound-measurement sensors placed in 
identical locations; however, physical con- 
straints precluded this. Six measurement 
sensors thus were placed in locations near 
the locations of the flight sensors (Fig. 11) and 
pertinent data were measured. The LTA-3 
sound data-acquisition equipment was identical 
to .the vibration data -acquisition equipment ex- 
cept for the functional difference in the sensors 
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(piezoelectric microphones were used to obtain 
the sound data). The same similarity applied 
to the flight data. Specific information on the 

acquisition and processing of the sound meas- 
urements is given in Table 3. 

LTA-3 

10.0 to 17.8 
10.0 to 17.8 
10.0 to 17.8 

10.0 to 17.8 

10.0 to 17.8 

10. 0 to 17.8 

10.0 to 17.8 

10.0 to 17.8 

10. 0 to 17.8 

10.0 to 17.8 
10.0 to 17.8 
IO. 0 to 17.8 

10.0 to 17.8 
i n .  n to 17.8 
10.0 to 17. S 

10.0 to 17.8 

TABLE 2 
Data Reduction Information 

LM-1 

2.00 to 3.00 
No data 
0.50 to 1.50 

1.65 to 2.65 

0.30 to 1.30 

2.00 to 3.00 

0. 50 to 1.50 

-1.00 to 0 

-0.75 to 0.25 

-1.65 to 0. 35 
-1.50 to-0.50 
-1.50 to 0.50 

-1.65 to 0.35 
-0.20 to 0.80 
-0.20 t c j  0.80 

1.10 to 2.10 

Tunnel equipment 
area 

Aft equipment 
rack 

Ascent-stage 
oxidizer tank 

LM-3 

3.10 to 4.10 
1.80 to 2.80 
0.50 to 1.50 

0.00 to 2.00 
0.00 to 2.00 
0.00 to 2.00 

1.80 to 2.80 
3.10 to 4.10 
0.50 to 1 .I 50 

0.00 to 2.00 
3.10 to 4.10 
3.10 to 4.10 

0.00 to 2.00 
0.50 to 1.50 
0.50 LO L. 51i 

1.80 to 2.00 

Navigation base 

1 

LTA-3 

8.062 
8.062 
8.063 

8.055 
8.071 
8.071 

8.063 
8.063 
8.063 

8.055 
8.055 
8.055 

8.055 
8.062 
s. G(;2 

8.055 

Measurement Location 

I I 

LTA-3 

126 
126 
126 

126 
126 
126 

126 
126 
126 

126 
126 
126 

126 
126 I Descent-stage 

oxidizer hi& 

i 

LM-1 

16 
16 
16 

16 
16 
16 

12 
12 
12 

24 
12 
12 

24 
12 

I Landing radar 
antenna 

b6001 (Z) 
6002 (Y) 
6003 (X) 

3661 (X) 
3662 (Y) 
3663 (2) 

3601 (X) 
3602 (Y) 
3603 (Z) 

1571 (X) 
1572 (Y) 
1573 ( Z )  

2681 @) 

2683 (Z) 
2ca2 (Y! 

7559 (x) 

Slice Time (sec)a Processing I Bandwidth (Hz) 

LM- 1 - - 
8.000 
8.000 
8.000 

8.000 
8.000 
8.000 

6.000 
6.000 
6.000 

6.000 
6.000 
6.000 

6.000 
6.000 
G. (132 

6.000 

LM-3 
I_ - 
6.092 
6.092 
6. 092 

6.092 
6.095 
6.095 

6. C93 
6. 093 
6.097 

6.093 
6.338 
6.338 

6.093 
6.332 
5.335 

6.338 

- 
PSD Processing 

Degrees of Freedom - 
Lhl- 3 - - 

12 
12 
12 

24 
. 24 

24 

12 
12 
12 

24 
13 
13 

24 
13 
13 

13 

- 
aThe LTA-3 slice time is the time after the start of the test during which the data were strongly stationary from i1 sec to 

the end of the test. The LM-I and LM-3 slice times a r e  the number of seconds before (-) or after (no sign) range zero, which 
is defined as the start of the f i rs t  integral second after initial motion of the booster. 

order of the 6000-series triax was inadvertently reversed. 
bBecause of a confusion in nomenclature between the structure and the guidance and navigation subsystem, the numbering 
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Figure 11. - Sound-measurement locations inside the SLA 



TABLE 3 
Sound Measurement Acquisition and Processing Infor mation 

Parameter I 
1 ' Measurement number 

-, Useful data bandwidth (Hz)  

SPL range (dE) 

Slice time (sec) 

Processing bandwidth (Hz)  

PSD processing degrees 
of freedom 

Flight Data 

4021 and 4022 

2000 

150 .maximum 

-1.0 to +l. 0 

8.01 

32 

"ACOUSTIC GROUND-TEST PROGRAM 
> >  

The acoustic ground testing of the LM is 
described extensively in Refs. [l] and [2]. The 
acoQstic testing levels and duration were spec- 
ified to envelop all dynamic (acoustic or aero- 
dynamic) pressure levels that were expected 
during launches from either S-IB o r  S-V 
boosters. Based on flight data from Apollo/ 
Saturn missions 201 and 202, liftof€ mise con- 
trolled the spectral levels in the 1/3-octave 
bands between 50 and 400 Kz; transonic noise 
levels were slightly higher in the other bands. 
The LTA-3 vehicle successfully withstood 
2 -1/2 min of excitation applied in eight succes - 
sive runs. Measured sound and vibration lev- 
els were highly repeatable from run to run; 
therefore, the data obtained from the LTA-3 
test series were considered to be highly reli- 
able and uncompromised in any significant 
respect. 

FLIGHT -TEST PROGRAM 

The LM-1 vehicle was launched by an 
S-IB booster on January 22, 1968; and all pri- 
mary mission objectives were successfully 
completed. Although the LM- 1 systems were 
fully functional, the LM- 1 vehicle was flown 
unmanned, and a programer simulated the 
functional operations of the commander and the 
pilot. The LM-3 vehicle was launched by an 
S-V booster on March 3, 1969, and was suc- 
cessfully flown through all prescribed maneu- 
vers by Astronauts McDivitt and Schweickart. 

Ground-Test Data 

Internal microphone 
nos. 2, 5, 7, 8, 
9, and 12 

2500 

150 maximum 

10.0 to 18.0 

8.063 

128 

Again, all mission objectives were met. The 
launch and boost phase of the flight profile was 
nominal, and no significant exceptions from the 
dynamic -pressure/time function given in Fig. 6 
were experienced. Useful vibration data were 
obtained from both flights with only two meas- 
urement anomalies. The anomalies were the 
failure of LM- 1 measurement sensor num- 
ber 6002 (located on the Y-axis of the navigation 
base) and the invalidation of data from the trim 
on the an  equipment racK (sensor mmDers SdOr, 
3602, and 3603) because of high-frequency noise 
above 600 Hz. 

The sound measurements inside the SLA 
were made during the launches of S-V boost- 
e r s  501 and 502 which also had completelynom- 
inal launch profiles. The SLA volumes on 
boosters 501 and 502 were occupied by LTA-2R 
and LTA-lOR, respectively. The primary ele- 
ments of the LTA-2R and LTA-1OR configura- 
tions are shown in Fig. 12. Although these 
vehicles had reasonably accurate descent-stage 
structural simulators and volumes and masses 
representative of the ascent stage, neither 
vehicle had a thermal shield. The thermal 
shield is a resilient assembly composed of 
multiple layers of aluminized Mylar with a thin 
aluminum outer surface and can abscirb consid- 
erable sound energy at some frequencies. The 
absence of a thermal shield on LTA-2R and 
LTA-1OR could therefore substantially affect 
the characteristics of the sound field within the 
SLA volume and result in acoustic data unique 
to these two missions. 
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Figure 12. - Details of LTA-2R and LTA-1OR 

Vibration Data 

The individual measurements at each sen- 
so r  location were compared, but few signifi- 
cant trends could be distinguished. The large.  
statistical error  in the processing of the flight 
data as indicated by the small value of the de- 
grees of freedom (always less than 25) and the 
many small configuration differences between 
the vehicles evidently obscured all trends. 
Furthermore, the differences in the acoustic 
environments between the flight and the ground 
tests, while small, apparently were sufficient 
to make the comparisons enigmatic at best. 
Ensemble averaging to reduce statistical er - 
r o r s  therefore appeared to have considerable 
merit [3]. The resulting averages were ob- 
tained for four groups and a r e  listed in Table 4. 
The statistical e r ro r  ( E )  produced by ensemble 
averaging is sufficiently small to provide 
meaningful comparisons. The resulting ensem- 
ble average PSD for each group is plotted in 
Figs. 13 to 16, as listed in Table 4. 

As described in the foregoing section on 
instrumentation and measurements, sound data 
were available from six ground test measure- 
ments and four flight test measurements located 
within the SLA. For an assessment of the sim- 
ilarity of the flight and ground test sound levels, 
the maximum and minimum values of the 1/3- 
octave-band SPL's (or range of data) can be 
compared. At lift-off, the range of flight data 
(solid lines in Fig. 17) and the range of ground 
test data (dashed lines) showed large areas of 
overlap or  excellent agreement. However, 
during the transonic and max-Q excitation 
periods of the launch phase when significant 
excitation to the SLA exterior occurs, the in- 
ternal sound and pressure levels (SPL) de- 
creased more than 10 dB from the liftoff values 
(Fig. 6). This decrease can he attributed to 
the fact that the mass and density of the gas 
occupying the internal volume of the SLA had 
decayed sufficiently through venting to reduce 
significantly the joint acceptance of the fluid,' 
structure interface of the SLA interior surface. 
The static pressure of the volume during this 
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TABLE 4 
Ensemble Averaging Information 

b 

Group 
Designation 

,-. 
r 

AVERAGE 
PSD, 

92/Hz 

Figure 
No. 

13 

14 

15 

16 

Measurement 
Nos. 

6003 
3661 
3601 
7559 

6001 
6002 
3662 
3663 
3602 
3603 
1571 
1572 
1573 
2681 
2682 

7559 
1572 
1573 
2682 
2683 

2683 

Normalized 
Statistical 
E r ro r  (E) 

LTA- 3 

0.065 

.053 

.049 

.065 

.’ [ LONGITUDINAL RESPONSES 

.Q0001 
10 100 1000 

FREQUENCY, HZ 

LM-1 and LM-3 

0.131 

. l o 9  

.095 

.142 

Description 

Longitudinal &-axis) response 
of secondary structure {naviga- 
tion base, tunnel equipment 
area, aft equipment rack, and 
landing radar antenna) 
Lateral response of secondary 
structure 

Combined triaxial response of 
major mass items (tanks and 
descent-stage structure ) be- 
low 110 Hz 

Lateral response of tanks 

LATERAL RESPONSES 1 

.Q001 . o ~ ~  

GROUND TEST 

* 

FLIGHT 
= 0.11 

.OQOO1 u 
10 100 1000 

FREQUENCY, Hx 

Figure 13. - Average vibration responses: Figure 14. - Average vibration responses: 
Group A, longitudinal response (X-axis) 
of secondary structure 

Group By lateral response (Y- and Z-axes) 
of secondary structure 
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AVERAGE 
PSD, 

g2/Hz 

.01 

.001 

.OOO? 

.00001 

TRlAXlAL RESPONSE - - - 
- 
- 
- 
- - 
- 
- 
- - 
- 

I 1 I l l  I I I I I  

J GROUND 

d t ~ 0 . 0 5  
TEST 

\ FLIGHT 
= 0.10 

Figure 15. - Average vibration responses: 
Group C, combined triaxial response of 
major mass items (tanks and descent-stage 
structure) 

~ 

LATERAL RESPONSE 

.O1 E 

.001 

A 

id fN GROUND 
I '4 TEST 

V 

t 
c = 0.07 

AVERAGE 
PSD, 

g2/Hz FLIGHT 

1 .0001 c 0.14 

.00001 c 
10 100 1000 

FREQUENCY, Hz 

Figure 16. - Average vibration responses: . 
Group D, lateral response (Y- and Z-axes) 
of tanks 

excitation is approximately 6. 3 psia, apprecia- 
bly below the 14. 7-psia ambient pressure of the 
earth at liftoff (Fig. 6). In addition, the de- 
crease in static pressure also explains the low 
LM responses during this excitation: low joint 
acceptance of dynamic energy also prevails 
across the LM fluid/structure interface. 
Hence, low LM responses are a manifestation 
of this condition. 

the two PSD's differ sufficiently to warrant ad- 
justing (i. e. , normalizing) the LM vibration 
PSD's to reduce uncertainty in comparisons of 
the vibration responses. 

Normalized Vibration Responses 

To provide the best. directly comparable 
data, the PSD averages of Figs. 13 to 16 were 
normalized by ratioing the vibration PSD by the 
appropriate acoustic PSD of Fig. 18 (i. e. , the 
flight-vibration PSD's were divided by the 
flight-acoustic PSD, etc. ). This technique is 
fully developed by White [4] for prediction of 
SLA responses to various types of excitation. 
The resulting normalized spectra a r e  then 
available for direct comparison, as plotted in 
Figs. 19 to.22. 

EVALUATION OF RESULTS 

Inspection of the normalized responses pro- 
duced the following salient points: 

1. The similarity of the ground-test and 
flight responses is limited. The best compar- 
ison occurs in the lateral motion of the second- 
ary structure (Group B); however, even in this 
group, the ground-test response was much 
greater over most of the frequency range. 

2. The masses of the ground-test and 
flight vehicles were nearly equal, both on an 
overall vehicle and on a component-by- 
component basis. However, above 100 Hz, the 
axial response of the flight LM's was an order 
of magnitude lower (Groups A and C). 

3. At a frequency of 55 Hz, a stronger 
axial response occurred in flight than in the 
ground test. 

4. The application of data for Groups C and 
D is limited by the relatively low cutoff fre- 
quency (110 Hz) of the flight data. Although 
ground test spectra are available to 2500 Hz, 
the plots for groups C and D were terminated 
at 200 Hz. This was done to preclude mislead- 
ing interpretations which could possibly result 
from application of high-frequency (over 
200 Hz) ground test data trends to extrapolation 
of the flight data. The other data (i. e. , groups 
A and B) do not assure that the trends of the 
flight and ground test data will be similar above 
200 Hz. 

The PSD average of the flight and ground- 
test sound data (Fig. 18) shows that the LM 
excitations a r e  generally similar; however, 

174 



ACOUSTIC 
PRESSURE 

PSD, 
(PSI) */HZ 

10-4 
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Figure 18. - Comparison of average acoustic 
pressure PSD's between the SLA and Figure 19. - Comparison of normalized LM 
the L M  response spectra: Group A, longitudinal 

response (X-axis) of secondary structure 
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Figure 22. - Comparison of normalized LM 
response spectra: Group D, lateral response 
(Y- and Z-axes) of tanks 

An appreciable difference between the flight 
and ground-test responses is thus found to exist. 
These differences can be attributed to two pos- 
sible causes: (1) The flexibility and complexity 
of the LM structure i s  such that above 100 Hz, 
the dynamic responses may be highly dependent 
Qn tho existing SfkLtiZ !2Ed c x i e & ~ x *  Tka S1kttC 
loads were different between the launch and 
ground tests. (2) Several ambiguities occurred 
in both the ground and the flight tests. As a 
result, insufficient data a r e  available on which 
to base a comprehensive assessment of acoustic 
excitation similarities. 

The most significant ambiguities a r e  as 
follows: 

1. The flight vibration and acoustic meas- 
urements were not made on the same flights. 
Although the presumption that the acoustic field 
measured around LTA-2R and LTA- 10R was the 
same as the sound field around LM-1 and LM-3 
seems valid, the presumption cannot be quanti- 
tatively verified and is, therefore, unsupported. 

2. The time slices for obtaining the fljght 
vibration data were forced to be quite short by 
the time-sharing telemetry system, thus limit- 
ing the statistical reliability of the data. Also, 
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the number of statistically independent meas- 
urements is low if the orthogonal measurements 
on a triaxial installation are considered to pro- 
duce only one independent measurement rather 
than three. 

3. The narrow spectral range of many of 
-- 

the available flight measurements handicaps in- 
terpretation by truncating trends at a very low 
frequency. 

' 4. The assumption of similar sound fields 
within the SLA for both the ground and flight 
tests is not clearly defensible. Although the 
structural similarities a r e  manifold, insyffi- 
cient data describing the sound fields in either 
test exist to support the assumption conclu- 
sively. Because phase-coherent instrumen- 
tation was not used in either test, the point-to- 
point correlation data (i. e. , cospectra function) 
are not available. These data might have 
shown that large differences in the LM forcing 
function (internal SLA sound fields) existed 
between the ground and the flight tests. 

Although LM instrumentation was adequate 
for the primary objective of the test programs 
(i. e., verification of the flightworthiness of the 
LM structure), two overriding limitations exist 
which definitely affect determining the fidelity 
of acoustic ground test simulation. First, 
flight instrumentation limitations severely cur- 
tail the yoiiliiity and iisefrrlilesa of ~VZZZXF: &&, 
and, second, the lack of phase-sensitive inet L) ru- 
mentation in either flight or  ground testing pre- 
vents reprocessing raw measurement records 
to obtain data regarding spatial characteristics 
of the acoustic field impinging on the LM. For 

- these reasons, the uncertain consistency of 
the acoustic field coupled with the variability of 
LM responses precludes deliberate, detailed 
assessment of ground test simulation of flight 

. environments. 

RECOMMENDATIONS 

The following recommendations (or obser- 
vations) result from the comparison of the 
ground-test and flight data. 

1. Careful control of test configurations 
and conditions is not in itself sufficient to assure 
comparable results between flight and ground 
tests. 

2. Sufficient instrumentation for thoroughly 
measuring the vehicle environmental excitation 
and response must be used in the flight-test 
program to assure that ample data a r e  avail- 
able to support explanations for a1 observed 
phenomena (especially differences in responses). 

3. The instrumentation used for environ- 
mental measurements (i. e., acoustic) must be 
phase coherent so that good cospectra data are 
available. 

CONCLUDING REMARKS 

The engineering development of the LM 
structure included an acoustic test program to 
verify structurd adequacy to the fluctuating 
pressure environments tilai; occur during 
kqunck. Vibr-t!~a &k frzsl t e ~ r ! ~  D ----A 

data obtained during the first two flights of the 
LM vehicle should have provided comparisons 
that indicated the degree of flight simulation 
obtained in the ground test. However, the 
comparisons available from the LM data are 
quite limited because of dissimilarities in the 
LM responses. These dissimilarities appear 
to result from the complexity of the LM struc- 
ture and from measurement ambiguities. Since 
most of the ambiguities involve instrumentation 
limitations which can be avoided in future pro- 
grams, a strong recommendation to recognize 
and prevent such limitations is a result of this 
comparative analysis. 
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